Wool is composed primarily of proteins belonging to the keratin family. These include the keratins and keratin-associated proteins (KAPs) that are responsible for the structural and mechanical properties of wool fibre. Although all human keratin and KAP genes have been annotated, many of their ovine counterparts remain unknown and even less is known about their genomic organisation. The aim of this study was to use a combinatory approach including comprehensive cDNA and de novo genomic sequencing to identify ovine keratin and KAP genes and their genomic organisation and to validate the keratins and KAPs involved in wool production using ovine expressed sequence tag (EST) libraries and proteomics. The number of genes and their genomic organisation are generally conserved between sheep, cattle and human, despite some unique features in the sheep. Validation by protein mass spectrometry identified multiple keratins (types I and II), epithelial keratins and KAPs. However, 15 EST-derived genes, including one type II keratin and 14 KAPs, were identified in the sheep genome that were not present in the NCBI gene set, providing a significant increase in the number of keratin genes mapped on the sheep genome.
Introduction
Wool is the textile fibre obtained from the hair of sheep and is comprised primarily of keratin and keratin-associated proteins (KAPs) (Powell & Rogers 1994) . The keratin proteins form intermediate filaments, which are the major structural components with an axial arrangement of the molecules found in the central cortex of the fibre. The KAPs are found in the matrix, cross-linked with intermediate filaments through disulfide bonds, and due to their effect on keratin assembly into large arrays, they affect wool strength, inertness and rigidity (Parry & Steinert 1995) .
The keratin proteins are grouped into type I, which are acidic, and type II proteins, which are neutral to basic in nature. In humans, there are 54 keratin proteins that are encoded by 28 type I and 26 type II genes (Rogers et al. 2006; Schweizer et al. 2006) . These proteins are classified further based on their compositional and structural features, with type I consisting of 17 epithelial and 11 hair keratin proteins and type II consisting of 20 epithelial and six hair keratin proteins . The KAPs, which include approximately 100 genes, are grouped into three major categories: high sulphur (HS), ultra-high sulphur (UHS) and high glycine/tyrosine (HGT) proteins (Rogers & Schweizer 2005) .
All the human keratin and KAP genes are located in a few clusters with high gene density, which together represent extremely small portions (approximately 0.5%) of the genome (Langbein & Schweizer 2005; Rogers et al. 2006; Langbein et al. 2007) . The keratin genes are clustered on chromosomes 12q13.13 and 17q21.2, and the KAP genes, arranged in tandem, are clustered on chromosomes 11p15.5, 11q13.4, 17q21.2, 21q22.1 and 21q22.3 (Khan et al. 2014) .
The expression of most human genes in hair follicles and in the skin have been characterised (Langbein et al. 2010) . In sheep, a complete or near-complete set of wool keratin genes have been identified, and the pattern of expression shows differences in the fibre compartmentalisation and keratinisation zones for some genes compared with their human orthologs (Yu et al. 2011) . Furthermore, many unknown epithelial keratin genes have been identified in sheep (Yu et al. 2010 (Yu et al. , 2011 . The aim of this study was to use a combinatory approach using comprehensive cDNA and de novo genomic sequencing to identify keratin and KAP ovine genes and examine their genomic organisation to understand how they are used for wool and hair follicle growth and production.
Materials and methods

Annotation of ovine keratin cDNA from ESTs
Ovine cDNA libraries were constructed from skin, muscle, ovary and other tissues (MWG Biotech AG). Seven libraries were constructed from skin samples derived from Romney, Merino and New Zealand Wiltshire sheep including three containing wool follicles during transitional growth stages (Yu et al. 2006 (Yu et al. , 2008 . Merino, which originated from Spain, is a slow maturing source of fine fibre wool, usually confined to the high and lower hill country. The New Zealand Romney originated from the wet fens of southeast England, where it was known as the Romney Marsh, and is a dual-purpose breed, producing course wool fibre. Wiltshire sheep in New Zealand originated from the British Wiltshire Horn and is primarily a fast-growing, lean lamb meat production animal. These breeds were selected because wool from the Wiltshire breed is seasonal (it sheds), that from the Merino is aseasonal and Romney wool is between these two and the main crossbred sheep in New Zealand. Sequencing and contig construction were conducted as previously reported (Keane et al. 2007; Yu et al. 2009 ).
To identify contigs or singletons representing novel wool keratin genes, Genbank cDNA and protein sequences from other species (particularly cattle and human) were used to annotate the contig database using BLAST (NCBI https://blast.ncbi.nlm.nih.gov/Blast.cgi).
Ovine cDNA sequences with high homology (e-value < 1e-50) were subsequently used for whole-length sequence alignment. Candidate cDNA were then converted into proteins for further alignment and homology assessment (Vector NTI V11; Invitrogen). All genes identified were named according to the current nomenclature system (Table 1) . Additional keratin sequences from the NCBI reference sequence RNA were used if they were not found in the cDNA sequences or were identical to the cDNA sequences.
Mapping of wool-derived ESTs to the keratin and keratin-associated protein gene cDNA sequences Expressed sequence tags (ESTs) were extracted from five wool EST libraries: Romney growing wool follicle, Wiltshire growing wool follicle and resting wool follicle, and wool follicle in catagen phase and in proanagen phase. The NCBI gene and the EST-derived cDNA sequences were searched against the five EST databases using BLAST with an e-value of 1e-30 and a percentage identity cut-off of 98%, producing a tab-delimited output. ESTs that matched equally well to more than one keratin cDNA sequence were removed. The remaining ESTs were enumerated at the library level per gene using the pivot table function in MICROSOFT EXCEL.
Protein extraction from wool and protein mass spectrometry
De-tipped Merino wool of approximately 20 lm in diameter was washed to remove dirt and unbound lipids, scoured with 0.15% Teric GN9 at 60 and 40°C, rinsed twice with water at 40 and 60°C, followed by dichloromethane and ethanol washes. The fibres were then crushed to a powder in liquid nitrogen, washed once again with dichloromethane and air dried. Proteins were extracted from the mature fibres on a reciprocal action shaker for 18 h in 8 M urea, 50 mM tris and 50 mM DTT at pH 9.3. For two-dimensional electrophoresis in polyacrylamide gels, the type I and II trichocyte keratins were separated in the first dimension in pH 4-7 immobilised pH gradient strips (GE Healthcare Life Sciences) for 70 kVh with a Protean IEF Cell (Bio-Rad). They were separated in the second dimension on 2-mm thick 8%T polyacrylamide gels. The KAPs were focused in the first dimension in pH 3-11NL IPG strips for 70 kVh with a Protean IEF and in the second dimension on 2-mm thick 15%T polyacrylamide gels. The proteins were then visualised with colloidal Coomassie Blue G250. Selected spots were excised from the gels, reduced with 0.1 M tris-(2-carboxyethyl)phosphine, alkylated with 20 ll of 0.15 M iodoacetamide (IAM) and digested for 18 h with 10 lg of TPCK-trypsin (Promega). After digestion, the peptides were bound to a C18 Empore TM disk and subsequently eluted with 75% acetonitrile and 0.1% trifluoroacetic acid (TFA).
For gel-free proteomic analysis, the samples were diluted 1:7 with 50 mM NH 4 HCO 3 and reduced with 50 mM TCEP at 56°C for 45 min followed by alkylation by vortexing for 30 min with 150 mM IAM. They were digested with TPCKtrypsin (Promega). The peptides were extracted with Empore TM disks (Supelco), dried down and reconstituted in 0.1% TFA.
Liquid chromatography with tandem mass spectrometry (LC-MS/MS) was performed on a nanoAdvance UPLC coupled to an amaZon speed ETD mass spectrometer equipped with a CaptiveSpray source (Bruker Daltonik). Two microlitres of sample was loaded onto a C18AQ nano trap (Bruker; 75 lm 9 2 cm, C18AQ, 3 lm particles, 200 A pore size). The trap column was then switched in line with the analytical column (Bruker Magic C18AQ, 100 lm 9 15 cm C18AQ, 3 lm particles, 200 A pore size). The column oven temperature was 50°C. Elution was with a gradient from 0% to 40% B in 90 min at a flow rate of 800 nl/min. Solvent A was LCMS-grade water with 0.1% FA and 1% AcN; solvent B was LCMS-grade AcN with 0.1% FA and 1% water.
Automated information dependent acquisition was performed using TRAPCONTROL V7.1 software with a MS survey scan over the range m/z 350-2200 followed by three MS/ MS spectra from 50 to 2200 m/z acquired during each cycle of 30 ms duration.
Protein data analysis
After each LC-MS/MS run, peak lists were queried against Ovis aries in the Uniprot database using the Mascot search engine (v2.2.03, Matrix Science) maintained on an in-house server. The Mascot search parameters included semitrypsin as the proteolytic enzyme with two missed cleavages; standard modifications were carbamidomethylation (C), deamidation (NQ) and oxidation (M); and error tolerance was set to 0.15 Da for MS and 0.3 Da for MS/MS. Search results were compiled and analysed using PROTEINSCAPE 4.0.0 (Bruker) using the ProteinExtractor function and automatic assessment of true and false positive identifications of protein and peptide matches. Acceptance thresholds for peptide and protein scores were set at 25 and 80 respectively.
Sequencing and assembly of keratin intermediatefilament-genes-rich BAC from the sheep genome
Identified sheep keratin cDNA sequences and those of sheep, cattle and human keratin and KAP genes were collected and used to BLAST against ovine genomic sequences derived from ends of all bacterial artificial chromosome (BAC) clones. The 203 clones in the CHORI-243 BAC library had approximately six-fold coverage of the sheep genome. Six BACs (CH243-17K4, CH243-132C11, CH243-296K6, CH243-484C22, CH243-435F9, CH243-516J1) containing sheep genomic DNA from both keratin and KAP clusters were determined and verified by subsequent searches against the sheep genome. Primers specific to genes that are supposed to reside in the genomic sequence contained by the BAC were used to ensure that the extracted BAC DNA contained the target genomic region before they were submitted to Macrogen Inc. (Seoul, Korea) for sequencing. All the BACs were sequenced using 454 Titanium single paired-end technology with 3-kb inserts. An average of 113 398 sequence reads were produced for each BAC with a median length of 392 bases (~2009 coverage). The N50 scaffold size for each BAC suggests that most were reasonably well assembled. The BACs CH243-296K6 and CH243-484C22 overlapped and were assembled as one scaffold.
Comparison of BAC and the sheep genome version 4.0
The BACs were compared to their corresponding genomic regions using the MAUVE plugin for the GENEIOUS sequence analysis software version 10.0.9 (http://www.geneious.c om). The percentage of pairwise identity between the individual BACs and the genome ranged between 76.9% and 96.5%. A large contributor to these low percentages was gaps in both assemblies (but predominantly the BACs) where the sequence could not be assembled.
Mapping of the ovine keratin cDNA sequences to the sheep genome version 4.0
The ovine keratin cDNA and NCBI reference sequences were mapped to sheep genome version 4.0 using the GENOMIC MAPPING AND ALIGNMENT PROGRAM (GMAP; Wu & Watanabe 2005) . The default settings were used, with the exception of two parameters (chosen to avoid queries spanning multiple gene locations because of high gene density and homology): (i) the maximum length for one internal intron was not allowed to exceed 2 kb and (ii) the length of all introns combined were not allowed to exceed 12 kb. In the case of overlapping mappings, the transcript with the most complete mapping was recorded. The ovine KAP sequences, cDNA and NCBI reference sequences were mapped to the sheep genome version 4.0 using the BLASTN task of BLAST+ (Camacho et al. 2009 ). The default settings were used, and the top high-sulfur protein was taken to locate the KAP on the genome. EST and cDNA sequences mapping to the same location as the NCBI genes were ignored.
Comparison of keratin gene ordering in sheep, cow and human genomes
The keratin-rich regions of the human (GRCh37/hg19) (International Human Genome Sequencing Consortium 2001) and cow (UMD3.0) (Zimin et al. 2009 ) genomes had already been characterised and annotated to a reasonable degree and were publically available through a variety of sources. The NCBI gene resource was used to obtain the genomic ordering of the sheep, cow and human keratin genes and their respective RNA and proteins.
Phylogenetic analyses
The protein sequences of type I and type II keratin along with known KAPs from sheep, cattle and human were aligned using the MUSCLE program (Edgar 2004) . The alignment was then converted into a nucleotide alignment using the TRANALIGN program of EMBOSS (Rice et al. 2000) . Phylogenetic trees were constructed using the maximum likelihood method implemented in PHYML v3 (Guindon & Gascuel 2003) through the phylogenetics suite SEAVIEW v4 (Gouy et al. 2010 ) using a general time-reversible model of DNA substitution. One hundred bootstrap replications were performed to obtain the confidence levels for various branches, and those with less than 50% support were collapsed. The phylogenetic trees were drawn using GENEIOUS. Similar analyses were also conducted for KAP genes belonging to each of the three families. These are shown in Figs. S1-S5.
Results and discussion
Genomic sequence identity
A schematic of the workflow used to examine the sheep keratin gene order on the genome and expression in specific tissues is presented in Fig. 1 . From this study it has become apparent that the sheep genome is more homologous to the cattle genome than to the human genome in the regions studied, with the pairwise identity to the sheep genome being around 90% and 80% for cattle and human regions respectively (Table S1 ).
There is a weak mirror effect in the cattle genomic alignments against the sheep genomics regions on chromosomes 1 and 11 (Fig. S6b,c) , which is caused predominantly by repetitive regions ranging from 100 to 3000 base pairs. This would add to the difficulty in discovering and mapping KAPs.
BAC sequence homology to the sheep genome version 4.0
The BAC sequences had high homology to the sheep genome, ranging from 96% to 99% identity over the lengths of the BACs. As shown in Fig. S7a-d , the alignments were relatively uninterrupted. Only a few large gaps appeared in the alignments of BAC 435F9 (Fig. S7c) and 296K6_484C22 (Fig. S7d) in the areas containing KRT6A-like (LOC101112304), KRT86 and KRThb1-like (LOC105610939). These are caused predominantly by uncalled nucleotides in the reference genome. The high homology between the BAC and genomic sequences confirms that, at least for the regions covered by the BACs, the sheep genome is of high quality. The number of keratin genes located in the three keratinrich regions of each genome are shown in Table 1 . In the three keratin-rich genomic regions, gene numbers were relatively consistent, particularly for the keratin genes. The human genome had fewer protein-coding keratin type II genes and a similar number of keratin type I genes. The human genome had more KAPs described on the genome, though this does not necessarily mean that they are absent in the other two species. Fifteen EST-derived genes-one type II keratin and 14 KAPs-that were not present in the NCBI gene set were found on the sheep genome, providing a significant increase in the number of keratin genes mapped on the sheep genome. As newer versions of the sheep and cattle genomes are published, the number of KAPs is sure to increase.
Overall genomic structure of keratin and KAP genes in sheep and cattle
Using the best publically available genomic sequences, this work identified one new keratin and 14 KAP genes in sheep (Table 1 ). The numbers of keratin and KAP genes identified today is comparable to those known from the human genome, which is more reliably assembled and curated (Moll et al. 2008 ). All keratin and KAP genes in cattle and sheep are co-located in a few unique clusters with high gene density, as with humans (Langbein & Schweizer 2005; Rogers et al. 2006; Langbein et al. 2007; Khan et al. 2014) . In addition, the genomic structure and number of keratin and KAP genes in all the clusters covered in this paper are highly conserved across these three species (Figs 2 & S8) . Such conservation appears to exist in goat (data not present) and in rodent species whose genomes have been sequenced (Hesse et al. 2004) . The new evidence provided in this paper on the conservation of the genomic organisation of a number of mammalian keratin and KAP genes suggests crucial roles for these genes in hair and wool formation across mammalian and even more diverse species over a very long evolutionary history. Figure 2 Location of the protein-coding human, bovine and ovine type I and II keratin and KAP genes on human chromosome 12, bovine chromosome 5 and ovine chromosome 3 respectively. Red and black text indicates genes that are EST contig and NCBI gene database derived respectively. Yellow markers represent type I keratins, blue markers represent type II keratins and red markers represent keratinassociated proteins. The up-and down-facing triangles represent genes on the positive and negative strand of the genomes, relative to the human genome respectively. Rectangles indicate gene families with genes in both directions. *, identified by mass spectrophotometry; RG, a unique hit to one or more ESTs from the Romney Growing Wool Follicle EST library; WG, a unique hit to one or more ESTs from Wiltshire Growing Wool Follicle EST library; WR, a unique hit to one or more ESTs from Wiltshire Resting Wool Follicle EST library; CP, a unique hit to one or more ESTs from Wool follicle in catagen phase EST library; PP, a unique hit to one or more ESTs from Wool follicle in proanagen phase EST library the brackets enclose the total number of genes.
Type I keratin genes
Type I keratin genes can be classified into three groups based on their features in gene and protein structure and sites of expression. These include the trichocyte keratin genes, which are expressed within the cortex and cuticle of the hair fibre itself (KRT31 to KRT40); inner root sheath (IRS) keratin genes (KRT25 to KRT28), which are expressed around the hair cuticle in the lower region of the follicle; and epithelial keratin genes, which contribute to formation of the epidermis and also the outer root sheath of the hair follicle and medulla in the centre of coarse fibres.
In addition to what has previously been reported for trichocyte keratin genes (Yu et al. 2011) , this work has identified an additional 29 new ovine keratin genes. These include all four IRS keratin genes and all epithelial keratin genes known to be found in humans. Altogether, 29 and 31 Type I keratin genes were identified in sheep and cattle respectively (Table 1 , Fig. S8c,e) , which is comparable to the 29 human Type I keratin genes previously identified (Moll et al. 2008) . The arrangement and number of genes in the three classes, the redirection of transcription and the structure of the encoded proteins of all homologous genes are highly conserved (Figs S2 & S8c) . Differences in three of the genes were observed between species. Keratin 42 is present as a protein-coding gene in both sheep and cattle but is a pseudogene in humans . The KRT42 gene is active in rat and mouse, and its expression has been localised to the baseline of skin (Rogers et al. 1998; Hesse et al. 2004) . KRT42 may have lost its function relatively recently in humans if the site of expression of this gene in sheep and cattle are found in the same location as the rat and mouse. There is a second copy of an epithelial keratin gene KRT20. In fact, a duplication is also seen for a Type II epithelial keratin gene (Fig. S8c) , but the reason for this unique feature is currently unknown. The ovine genome differs in not having KRT37, which is present in the other two species. In humans, KRT37 is expressed only in the cortex of vellus hairs (Langbein et al. 1999) . This may indicate that this gene may have been lost in sheep due to evolution. Investigation into the expression of KRT37 gene in bovine hair follicles may provide further evidence for the evolution and function of this trichocyte keratin gene.
Type II keratin genes
Identification of all the homologues of human Type II keratin genes and analyses of the genes and their encoded proteins (Table 1, Fig. S8a ) has confirmed that the overall conservation in this protein family is the same as for that of the Type I keratin genes. This work has also confirmed the recently identified ovine trichocyte keratin genes, including the existence of a KRT87 (Yu et al. 2011) . Although KRT87 is highly homologous to KRT86 (Fig. S2) , the absence of this gene in humans and cattle, and its presence in sheep and mice, may suggest some evolutionary importance in maintaining this gene in some species. The unique expression of this gene in wool follicles adds further support for this hypothesis. Further work to illustrate its expression patterns in different follicle types in sheep and in hair follicles of other species in which the gene is present will shed more light into its function.
Although the IRS keratin genes are conserved, a few extra trichocyte and epithelial genes have been identified in sheep and cattle. These include three trichocyte keratin genes [KRTHb3L (LOC101113055), a second copy of KRT86 and KRTHb5L (LOC101112805)] and one extra KRT3L (LOC101111791) in sheep and three trichocyte keratin genes [two copies of KRTHb1 (LOC787600 and LOC615451) and a second copy of KRT85] and one extra KRT76 (LOC100336907) in cattle (Fig. S8a) .
Keratin-associated proteins
This study has also identified and elucidated the genomic arrangements of many previously unknown KAP genes in sheep and cattle and other genes, some of which have been identified by non-genomic methods, particularly in sheep. Compared to the 23 families of KAP genes covered in the three large keratin-rich genomic regions in humans, 19 and 18 KAP gene families have now been identified in sheep and cattle respectively (Table 1) . Corresponding to the human gene families, for which 12 HS, four UHS and seven HGT protein gene families have been identified, there were 10 HS, four UHS and five HGT wool KAP families and nine HS, four UHS and five HGT families in cattle (Table 1 ). The presence of multiple or single genes in the corresponding families in the three species are generally consistent.
There are a number of reasons why some of the human KAP orthologous genes were not found in the genomes of the two ruminant species. There were several issues with the assembly and annotation of genomic sequences in the KAP gene clusters in both sheep and cattle. The presence of intronic sequences in some sheep and cattle KAP genes indicated incorrect assembly, as in humans all KAP genes appear as single exon genes (Table S2 ). This may be due to the challenges of assembling multiple regions of highly conserved and repetitive sequences in some KAP genes. It is probable that future iterations of genome assemblies based on more and better sequence outputs will reveal more KAP genes mapped to the genomes. One example of this is KRTAP1-1 (NCBI gene ID 100294612), which spans two genes from the KRTAP1 family (this is corrected by a mapping of a cDNA-derived gene). As indicated in Table 1 , there are different numbers of genes in the different KAP families among species, which makes it increasingly difficult to assign names to the individual KAPs beyond family membership. In some cases it becomes more confusing, as there appears to be significant homology between the neighbouring KRTAP4 and KRTAP9 families in sheep and cattle (Fig. S4) . One example of this is gene LOC101114287 in sheep, which has been labelled in NCBI as a KRTAP9 family member, though the orientation (minus instead of plus as shown in Table S1 ), best BLASTN hit to human RefSeq proteins (Table S1 ) and homology (Fig. S4) indicate that it is a KRTAP4 family member.
Confirmation of intermediate-filament and KAP genes by proteomics
The presence of almost all of the Type I and Type II trichocyte keratins encoded by the ovine trichocyte keratin genes have been established in the developing wool follicle and mature fibre using protein two dimensional electrophoresis and mass spectrometry, the exceptions being K37 and K84 (Clerens Deb-Choudhury et al. 2010; Plowman et al. 2010 Plowman et al. , 2015 (Fig. 3) . In addition to these, some keratin polymorphic variants have also been identified in proteomic studies, including variants of K33a and K81 ) and a variant of K86 (Almeida et al. 2014) . Together these results have validated the fact that the trichocyte keratin genes are active and utilised in wool fibre formation, whereas the absence of K37 also verified the absence of the corresponding gene in sheep. The presence of a number of epithelial keratins have also been validated using protein mass spectrometry, among them K1, K5, K7, K6C, K8, K10, K14, K17, K19, K25, K27, K28, K71, K72, K73 and K74.
Likewise, many of the newly identified KAPs have been identified in the wool follicle or mature fibre by gel or gelfree proteomics Deb-Choudhury et al. 2010; Plowman et al. 2010 Plowman et al. , 2015 (Fig. 4) . For instance, three KAP1 proteins were found by protein mass spectrometry of wool compared to four found from NCBI genes and EST contigs , though at least one polymorphic variant, KAP1-1a, has also been identified in wool (Plowman et al. 2002) . Polymorphic variants of two KAPs have also been identified in some wools, specifically variants of KAP2-3, KAP6-3, KAP9-2 and KAP13-1 Almeida et al. 2014 ). In the case of the KRTAP4 protein family, six proteins have been found by mass spectrometry compared to the eight found in the NCBI genes and EST contigs.
Thus, the validation of gene products for almost all genes identified in this work using protein mass spectrometry suggests that many other genes are genuine. However, not all of the spots on the two dimensional electrophoretic map could be identified by proteomics (Fig. 4) . As proteomics requires a known sequence to effect a match, this suggests that there are more genes/proteins yet to be identified in keratinised wool fibre.
EST expression of keratin and KAPs in wool
The wool EST libraries revealed a complicated relationship among the different stages of wool production and indicated differences among sheep breeds. As shown in Fig. S8a-e 
Conclusions
From this study it is apparent that all of the keratin and KAP genes in sheep and cattle are co-located in a few unique clusters with the same high gene density as found in humans. Furthermore, the number of genes and their genomic organisation are generally conserved between sheep, cattle and human, despite some unique features in the sheep, though there is also a greater degree of homology between the sheep and cattle keratin and KAP genomes in the regions studied than there is with the human genome. Where they do differ is that sheep lack the Type I trichocyte keratin K37 (found only in vellus hairs in humans), whereas they have a new Type II trichocyte keratin, K87. Proteomic studies have also identified a number of polymorphic variants of sheep trichocyte keratins and have established their presence in the wool of some breeds of sheep. In addition to the new keratins in the sheep genome, a total of 14 new KAPs were identified, of which a number of these, along with polymorphic some variants, have been identified by proteomic studies. Though there are fewer KAPs in the ovine genomes than in that of humans, proteomic analysis of samples of keratinised wool fibre suggest that a number of additional KAPs still remain unidentified until future versions of the genome are constructed with longer sequencing reads.
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